PCMs have foreseeable applications in residential buildings for effective use of solar energy. Paraffin is cheap and has moderate thermal energy storage density but low thermal conductivity. In this paper, we numerically investigate the melting processes of Cu/paraffin nanofluids PCMs. The results strongly suggested that the phase change heat transfer of paraffin was enhanced due to the addition of nanoparticles. For 1 wt% Cu/paraffin, the melting time can be saved 13.1%. The numerical results have a good agreement with the experimental results in describing the melting phenomena. These results show that adding nanoparticles is an efficient way to enhance the heat transfer in latent heat thermal energy storage system.
Introduction
The continuous increase in the level of greenhouse gas emissions and the climb in fuel prices are the main driving forces to effectively utilize various sources of renewable energy [1] . One of prospective techniques of storing solar energy is the application of PCMs. Among lots of PCMs, paraffin has been considered most valuable due to desirable characteristics, including large latent heat capacity, negligible super cooling, good thermal and chemical stability and so on. However, the inherent low thermal conductivity (0.21-0.24W/mK) strongly hinders its widely implication [2] .
Recently, with the development of nanotechnology, researchers have started to study the thermal conductivity performance of adding nanoparticles to various fluids, soin the thermal conductivity enhancement being significantly higher than the predictions of the classical solid-liquid models. Many experimental results [3] [4] [5] [6] have reported that the addition of nanoparticles could enhance the heat transfer of PCMs. In this work, the computational study of nanoparticle-enhanced phase change material for thermal energy storage application is presented.
Mathematical Formation
Considering a two-dimensional enclosure cavity filled with PCMs and air. In the initial state, there was 2.5 cm height of PCMs and 1 cm height of air in the cavity. The top of the cavity is enclosed and taken by air. The -of--air system with a moving interface but without inter-penetration of the two media [7] . The wall of the cavity is glass with 2 mm thick. The length and height of the cavity were 6 cm and 3.5 cm, respectively. PCMs in the cavity are Newtonian, incompressible, and laminar. Thermophysical properties of PCMs are assumed to be constant, whereas the density variation in the buoyancy force is based on the Boussinesq approximation. The nanoparticles are assumed to have a uniform shape and size. The lower left corner of the cavity was the origin of the coordinate system. The gravity vector was directed in the negative x 2 coordinate direction, = 0 and =
The thermophysical properties are given in Table 1 . The properties of air and glass used for computation are given in Table 2 . The present processing method can be found elsewhere [8] . Table 1 The thermophysical parameter of the copper nanoparticles, paraffin and Cu/paraffin(1 wt%)
Cu
Paraffin Cu/paraffin(1 wt%) 
Numerical Methods
The simple method within Fluent 6.2 software was used to solve the governing equations. The uniform grid spacings for both x 1 and x 2 directions were utilized. The time step for integrating the temporal derivatives was set to 0.01 s, following comparison of selected quantities obtained from simulations using 0.1 s, 0.01 s and 0.001 s. The Quick differencing scheme was used for solving the momentum and energy equations, whereas the Presto scheme was adopted for the pressure correction equation. The underrelaxation factors for the velocity components, pressure correction, thermal energy and liquid fraction were 0.5, 0.3, 1 and 0.9, respectively. The residual convergence criterion for the energy equation was set to 10-7, and convergence had been ensured at every time step.
Results and Discussion

Melting of the PCM
The initial temperature of PCMs and glass wall was 303 K and 343 K, respectively. The wall temperature kept constant. Colorized contours of the isothermal distribution of paraffin and 1 wt% Cu/paraffin are shown in Fig. 1 Fig. 1 The isothermal distribution at various time instants temperature distribution rate of Cu/paraffin is quicker than that of paraffin, which indicates that the addition of Cu nanoparticles accelerates the melting of paraffin. The numerical results have a good agreement with the experimental results [9] .
A higher rate of melting near the top of the cavity was found due to the effect of natural convection in the molten PCM. In the early stage of melting, the velocity of the liquid PCM due to the buoyancy force is small. It increases and becomes dominant until the magnitude of the velocity begins to decrease due to the temperature difference in the liquid PCM becoming more uniform [10] .
The possible reason of the quicker melting rate is the higher thermal conductivity of Cu/paraffin [9] . At melting process will be delayed. After adding the nanoparticles to paraffin, PCMs have higher thermal conductivity. Therefore, the melting rate of PCMs is able to be accelerated.
The comparison between experimental and numerical results.
Fig . 2 is the thin liquid layer in the below wall. In order to verify the numerical result, the melting process of paraffin was recorded by the digital camera, shown in Fig. 3 . Compared with Fig. 2, it shows that there is a good agreement of the melting phenomenon between experimental and numerical results, such as convection in the liquid phase, volumetric expansion due to melting, sinking of the solid in the liquid and close-contact-melting. Due to the density change between solid and liquid phase, paraffin always keeps the close-contact-melting during the process. In addition, the melting rate in the upper is quicker than that in the lower. That is due to the natural convection caused by the sinking solid phase, which makes the liquid phase rising along the wall and moves towards the center of the beaker.
The instantaneous liquid volume
The instantaneous dimensionless volume of PCMs within the cavity, i.e.: (1) is presented in Fig. 4 . The whole melting time of pure paraffin and Cu/paraffin is 3209 s and 2870 s, respectively. It reveals that the time of the phase change heat transfer was saved because of the addition of nanoparticles. This is due to the enhanced thermal conductivity of Cu/paraffin in comparison to that of paraffin. At the same time, due to lowering of the latent heat of fusion, less energy per unit mass of Cu/paraffin is needed for phase change. This phenomenon is in agreement with the study of Liu [4] , who experimentally investigated TiO 2 /BaCl 2 -H 2 O suspensions for thermal energy storage. 
Conclusions
The melting process of Cu/paraffin nanofluids as a new PCM was numerically investigated in this study. Probably due to the enhancement of thermal conductivity, the melting rate of paraffin is enhanced after adding Cu nanoparticles. Adding 1 wt% Cu nanoparticles, the melting time of paraffin can be saved by 13.1%. The numerical results have a good agreement with the experimental results, including convection in the liquid phase, volumetric expansion due to melting, sinking of the solid in the liquid and close-contactmelting.
